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We describe a novel and facile approach to covalently graft molecules containing stable free radicals onto 5 
carbon surfaces including graphene, carbon nanotubes, glassy carbon and carbon fibres. The new 
technique employs a stable aryl nitroxide radical diazonium tetrafluoroborate salt. The salt may be 
isolated and added to carbon surfaces in solution, suspension or electrochemically and represents a 
convenient, versatile and highly efficient means to adorn graphitic materials with large numbers of free 
radical spin systems.10 
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Introduction 
Carbon, as a synthetic material, has transformed our society over 
the last 50 years. Carbon fibers have been used in high 
performance applications from airplanes to automobiles and from 
satellites to sporting goods. In fibrous forms, carbon and graphite 
are the strongest and stiffest materials for their weight ever 
produced.1 Very recently, carbon-based materials have been at the 
forefront of many advances in nanotechnology. Materials such as 
glassy carbon, graphite, graphene, carbon fibres, nanotubes 
(single, dual and multi-walled), nanohorns, nanoribbons and 
nanodiamonds represent novel forms of carbon that have been 
exploited in developments with impact ranging from the 
biomedical through to solid-state physics and electronics.2 Despite 
the extraordinary thermal, mechanical, and electrical properties of 
many of these novel carbon allotropes, the translation of these 
materials into broader applications has been hindered by high 
synthetic costs and challenges regarding matrix compatibility and 
dispersal issues associated with the inherent tendencies of 
graphitic materials to form bundles. Much research is currently 
focused on investigating affordable alternate methodologies for 
producing carbon nanostructures, controlling their purity and 
adding functionality to the surface of these materials in a facile 
fashion.3 
Herein we present a simple methodology for the grafting of 
various carbon surfaces (including glassy carbon, bundled carbon 
fibres, single walled carbon nanotubes and graphene) with a high 
density of stable free radical nitroxide moieties and with minimal 
impact on graphene/SWCNT conductivity. Significantly, the free 
radicals are held in close proximity and at a fixed geometry to the 
carbon surface. Nitroxide free radicals are stable, kinetically 
persistent species that have been the subject of extensive research 
for more than 50 years. This research has translated into a myriad 
of applications involving stabilisers for materials, controlled 
polymer synthesis and biomedical treatments and diagnostics.4 
The value of nitroxides lies not only in their ability to scavenge 
radicals, but also with their redox activity.5 Nitroxides are able to 
be both oxidised (to the oxammonium ion) or reduced (ultimately 
to the hydroxylamine). Notably, the redox chemistry of nitroxides 
is reversible which gives them significant potential in solar cell 
chemistry6 and as cathodic materials in organic batteries.7 The 
nitroxide moiety is also an excellent synthetic handle that allows 
the covalent attachment of both small molecules and polymers 
using reactions such as radical coupling,8 nitroxide exchange9 and 
atom transfer nitroxide coupling.10 The introduction of nitroxide 
free radicals onto the surface of graphitic materials therefore 
represents an exciting new means to couple the spin-related 
attributes of nitroxides to the positive properties of carbon 
nanomaterials. 
In this context we describe how the grafting of stable free 
radical nitroxides to carbon surfaces may be readily achieved 
using an aryl diazonium ion nitroxide (ADIN). This efficient 
coupling process may be induced electrochemically, however it 
can also be achieved directly via spontaneous single electron 
transfer from the carbon surface. The coupling of diazonium ions 
to carbon surfaces has been well described in the literature11 and it 
has been postulated that this grafting occurs via a radical 
mechanism. Here we show that the grafting densities of the aryl 
diazonium ion nitroxides are comparable to those achieved with 
other diazonium ions and occur without the need for protection of 
the nitroxide radical moiety. This implies that the electron transfer 
occurs in close proximity to the carbon surface, such that the 
resultant aryl radical (intermediate 3 in Scheme 1), has a very 
short lifetime and is not spin-trapped by the nitroxide. Nitroxides 
are very efficient radical scavengers,12 however a surface contact 
electron transfer and nitrogen loss would prevent significant bi-
molecular radical scavenging.  
The success of our aryl diazonium ion nitroxide (ADIN) 
approach derives from the use of a novel isoindoline nitroxide 
diazonium tetrafluoroborate salt. This salt is sufficiently stable to 
be isolated after formation and may be stored in the solid form at 
room temperature for at least a week. To our knowledge this is the 
first example of a stable, isolable aryl diazonium ion nitroxide and 
this new reagent now opens up considerable synthetic scope for 
the modification of carbon surfaces in-situ using reactions with 
controllable stoichiometry. 
 
SCHEME 1. Synthetic pathway for synthesis (LEFT) and grafting to graphitic carbon surfaces with ADIN 2 (RIGHT). 
INSET: Confirmation of presence of the diazonium moiety in 2, observed by the characteristic N-N stretching visible at 
2300 cm-1 in the IR. 
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The aryl amine in the nitroxide precursor (1) is critical for the 
formation of the stable diazonium salt, however the nature of the 
rigid isoindoline ring also imparts a number of improved 
properties. Fused ring aromatic nitroxides exhibit a range of 
advantages over more common, less rigid, nitroxides (such as the 5 
piperidine analogues), including fluorescence properties, superior 
thermal and chemical stability, and narrower EPR linewidths.13 In 
this case the presence of the fused aryl ring linked directly to the 
carbon framework of the carbon nanomaterial places the radical 
moiety in close proximity and at a fixed geometry with high 10 
orthogonality to the carbon surface. This is of considerable 
significance when considering these materials for future 
applications in fields such as spintronics.14 
Results and Discussion 
Synthesis of the 1,1,3,3-tetramethyl-2,3-dihydroisoindol-2-15 
yloxyl-5-diazonium tetrafluoroborate (2) was achieved through 
the oxidation of 5-amino-1,1,3,3-tetramethyl-2,3-dihydro-
isoindolin-2-yloxyl (1) using nitrosyl tetrafluoroborate (1.2 
equivalents) at -30 °C (as shown in Scheme 1). Subsequent 
addition of diethyl ether to the reaction mixture, gave the 20 
diazonium salt, which precipitated out as a tan coloured solid 
material. The presence of the diazonium moiety in the isoindoline 
nitroxide structure was supported both by FTIR, by the 
characteristic N-N stretching visible at 2300 cm-1, as well as mass 
spectrometry. (See SI for full experimental and characterization 25 
details). Care needs to be taken both in terms of reaction time, 
temperature and the equivalents of nitrosyl tetrafluoroborate used, 
as nitroxides can be oxidised to the corresponding N-
oxoammonium cation. However, for the ADIN systems described 
here, using these conditions, this transformation was slow and did 30 
not complicate the synthesis. 
For our initial explorations of the surface modification ADIN 
chemistry, cyclic voltammetery was used. This electrochemical 
technique provides a useful synthetic and analytical tool to 
generate the nitroxide-grafted surfaces on carbon electrodes. It 35 
also allows the characterization of the graft formation via the 
electrochemical change in the nitroxide/oxammonium cation 
redox couple. Thus the ADIN 2 (0.05 M) and tetra-n-
butylammonium tetrafluoroborate (TBAF, 0.05 M) were 
dissolved in anhydrous acetonitrile. A glassy carbon electrode of 40 
10mm diameter set in PET was employed as the grafting surface 
and working electrode. A potential of -1.0 V (vs Ag/Ag+) was 
applied for a period of 30 minutes. Subsequently, the electrode 
was removed, washed thoroughly and then re-examined 
electrochemically. The CV profiles before and after treatment, as 45 
well as the oxidation wave of the ADIN 2 in solution are shown 
in Figure 1. Note that the half potential of the 
nitroxide/oxammonium couple is shifted to a lower potential 
upon grafting to the surface. We have previously observed shifts 
of the oxidation potential depending on the substitution present 50 
on the aromatic ring of aryl nitroxides.5 Surface coverage of the 
electrode was determined15 using the equation: Г = Q/nFA, where 
Г is the surface coverage in mol/cm2, Q is the charge in 
coulombs, A is the area of the electrode surface in cm2, and n is 
the number of electrons transferred during redox transformation. 55 
The value of Q was determined by integrating the area under the 
cathodic peak. This gives an upper estimate of ca. 8 x 10-10 
mol/cm2 (ca. one nitroxide every 8 carbons) for the nitroxide 
coating using these conditions. This is typical for diazonium ion 
treatments of glassy carbon electrodes and indicates monolayer 60 
formation with the theoretical maximum surface coverage for a 
monolayer on glassy carbon surfaces being 12 x 10-10 mol/cm2.16 
The same electrochemical grafting could also be applied to other 
carbon surfaces including carbon fibre bundles (further 
information on carbon fibre bundles can be found in the 65 
supporting information) and graphene monolayers that had been 
deposited on silicon surfaces. Estimation of the grafting 
efficiency of these samples was not possible using 
electrochemistry, as the surface area of the grafted electrodes 
could not be calculated. However, successful graphene grafting 70 
by ADIN 2 was supported by Raman spectroscopy (Figure 2, 
top). 
Figure 1. Cyclic voltammograms of the glassy carbon electrode 
before (- - -) and after (__) covalent grafting with the ADIN 75 
compound 2. Cyclic voltammogram of unreacted 2 in solution (- - 
-) is included for comparison. Note the shift to lower redox half 
wave potential when the diazonium moiety is replaced with a 
covalent linkage to the glassy carbon electrode.     
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Figure 2. Raman spectra of graphene monolayer on SiO2 after 
aryl diazonium salt reduction through electrochemical treatment 
of 0.05M ADIN 2 solutions in acetonitrile containing 1M TBAF 5 
(top); after stirring in the presence of ADIN 2 in a 1% solution of 
SDS (middle) and the “as received” CVD graphene on SiO2 from 
ACS materials (bottom). Excitation was at 633nm. 
The parent graphene spectrum is characterised by narrow G and 
2D Raman peaks at 1585 and 2689 cm-1 respectively. After 10 
electrochemical reduction, the intensity of the G band and the 2D 
decreased significantly. The G band shifts from 1585cm-1 to 
1590cm-1 indicating an increase in sp3 carbons.17 This is 
accompanied with the appearance of a defect induced band, D’ at 
1618cm-1 and an increase in the intensity of the D band at 1340 15 
cm-1 as a result of symmetry disruption. Chemical 
functionalisation of graphene surfaces causes this response as the 
hybridization of the affected carbon atoms changes from sp2 to 
sp3. Several reports have attributed the increase in the ratio D to 
G band as a qualitative measure of the covalent attachment of 20 
functional groups to the graphene. Chemically modified graphene 
exhibits a Raman D/G band intensity ratio of 1.2 or higher. Here 
we found a ratio of 3 which is indicative of significant covalent 
functionalisation (Figure 2). Raman mapping also supported 
successful grafting of the ADIN 2 with D and G band intensity 25 
overlaps supporting sp2 to sp3 conversion (see SI Figure S5 and 
S6). For the nitroxide modified sample, there is overlap in the 
scattering intensity between the D and the G band which further 
suggests the graphene has undergone covalent reactions and 
many of the sp2 carbons have been converted to sp3 carbons. The 30 
increase in the ratio of D to G band intensities with the electro-
reductive process, correlates with the increase in the 
concentration defects observed in the Raman images, thus further 
confirming the surface modification. 
Another very facile means of grafting nitroxide free radicals 35 
onto carbon surfaces was achieved by heating the ADIN 2 in the 
presence of a surfactant. The surfactant acts as a mediator18 
allowing closer interaction between the nitroxide molecules and 
the carbon surface leading to anchoring of the ADIN to the 
surface of the carbon. In the case of carbon nanotubes, it is 40 
thought that surfactant de-bundles the nanotubes and suspends 
them in solution as individual tubes thereby optimizing nitroxide-
cabon nanotube interaction. Thus, graphene on a silicon substrate 
was suspended in a 1% solution of sodium dodecyl sulphate 
(SDS) and diazonium salt 2 and the suspension was continuously 45 
stirred at 45°C for 8h.19 Successful attachment of nitroxide to the 
graphene using this approach was demonstrated by Raman 
spectroscopy with an increase in the intensity of the D band at 
1329 cm-1 and the D/G ratio being 0.24 after the reaction, 
compared with 0.1 for the pristine surface. This result is modest 50 
compared to the electrochemical transformation, as it reflects the 
limited capacity of the SDS to enhance dispersion for graphene 
monolayers deposited onto much larger silicon wafers. However 
similarly sized spectral changes have been previously attributed 
to typical functionalized monolayer formation on graphene 55 
surfaces.20 Blank studies showed that no detectible change 
occurred in the Raman D/G ratio when the SDS was absent. 
Notably however, when HiPCO single walled nanotubes 
(SWNTs) were treated with SDS and ADIN 2 in the same 
manner, surface modification was more extensive. The nanotubes 60 
were first coated with SDS then stirred at room temperature 
overnight in the presence of the diazonium salts. The 
functionalised nanotubes were then collected by filtration, rinsed 
in acetone and water and re-dispersed in deionised water. The 
advantage of this grafting technique is the ease of preparation 65 
which requires only stirring the mixture for a sufficient period of 
time. Carbon nanotubes functionalized using this in-situ stirring 
technique were further characterised by EPR, XPS and TGA to 
confirm successful carbon surface modification. 
The more effectively SDS-dispersed HiPCO SWNTs showed 70 
very high grafting densities using the in-situ treatment 
methodology, with a D/G ratio after reaction of 5 compared to 
0.02 for the pristine sample (Figure 3). XPS analysis showed the 
appearance of a peak at 400.40 eV after grafting, which is the 
expected binding energy for the N1s of the nitroxide nitrogen.21 75 
Figure 3. Raman spectra of HiPCO SWNTs after stirring in the 
presence of 2 in a 1% aqueous solution of SDS (top) and the “as-
received” SWNT (bottom). Excitation was at 785 nm. 
Figure 4 shows the EPR spectra of SDS-SWNTs with and 80 
without reaction with aryl diazonium salts. Pristine SDS-
dispersed, SWNTs give EPR signals (not shown) arising from 
Pauli paramagnetism of conduction electrons and ferromagnetic 
iron catalyst residues still present after the synthesis of the carbon 
nanotubes.22 This is in agreement with the XPS analysis which 85 
2D 
D' 
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showed the presence of iron in the nanotubes. After reaction with 
ADIN 2, a three line spectrum associated with the presence of a 
nitroxide can be observed13, which features a dominant central 
line feature expected to arise from strong exchange coupling with 
the paramagnetic conduction electrons of the nanotube. 5 
A thermogravimetric analysis (TGA) of the treated SWNT 
(Figure 6), gave a total weight loss of ca. 26% on heating to 500 
°C. De-gassing and solvent evaporation at low temperatures 
would account for approximately 4% of this loss. The majority of 
the weight loss occurs at temperatures above 400 °C.  10 
Figure 4. Electron Paramagnetic Resonance Spectroscopy of 
HiPCO SWNTs after stirring in a 1% aqueous solution of SDS 
the presence of 2 (—) and the SDS dispersed SWNT (—). 
Samples were filtered, rinsed in water and acetone before re-15 
suspending the nanotubes in ethanol. EPR spectra were obtained 
in 50 l of ethanol suspension at 5°C. 
Following TGA, the Raman spectra of the ADIN treated SWCNT 
that had been heated during the thermogravimetric analysis 
showed a return of spectral features that were very similar to 20 
those of the original unmodified nanotubes (D/G Ratio of 0.05). 
This restoration to the original state suggests the high temperature 
treatment leads to removal of the nitroxides bound on the surface 
and returns the nanotubes to their original graphitic sp2 form. A 
similar result has been seen with other examples of diazonium 25 
modified carbon surfaces. Based on the TGA weight loss data, a 
ratio of 1 nitroxide for roughly every 40 carbons in the SWCNT 
can be estimated – which agrees with literature grafting densities 
of similar, simple diazonium grafted SWCNTs.23 
 30 
Figure 5. Thermogravimetric analysis of HiPCO SWNTs after 
stirring in the presence of 2 in a 1% solution of SDS (___) and the 
“as-received” SWNT (---). Samples were run under argon. 
Temperature profile: 1 h hold at 150 °C, ramp 5 °C min-1 to 500 35 
°C, 2.5 h hold at 500 °C. 
 
Conclusions 
We have described a facile new synthetic methodology for the 
functionalizaton of various allotropes of carbon with stable free 40 
radicals. This was achieved through the use of a novel aromatic 
ring containing isoindoline nitroxide bearing a diazonium 
tetrafluorborate salt, the first example of a stable and isolable 
nitroxide diazonium ion that contains a free radical. The aryl 
diazonium ion nitroxide (ADIN) is a versatile and convenient 45 
reagent for the grafting of nitroxide free radicals to glassy carbon, 
carbon fibres, graphene and single walled carbon nanotubes and 
may be employed without any protection of the radical moiety. In 
the case of graphene and SWCNT’s, grafting densities of 
approximately 1 isoindoline nitroxide for every 40 carbons 50 
present in the nanotube are achieved through simple stirring of a 
surfactant and the nitroxide diazonium in the presence of the 
SWCNTs. 
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